Superconductivity and Field-Induced Magnetism in SrFei 75C00.25AS2 
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Using muon-spin rotation, we studied the in-plane (Xat) and the out of plane (Ac) magnetic field 
penetration depth in SrFei.75Coo.25As2 (Tc ~ 13.3 K). Both Aab(T) and Xc{T) are consistent with 
the presence of two superconducting gaps with the gap to Tc ratios 2A/kBTc = 7.2 and 2.7. The 
penetration depth anisotropy 7a = Xc/Xab increases from 7a — 2.1 at Tc to 2.7 at 1.6 K. The mean 
internal field in the superconducting state increases with decreasing temperature, just opposite to 
the diamagnetic response seen in magnetization experiments. This unusual behavior suggests that 
the external field induces a magnetic order which is maintained throughout the whole sample volume. 



PACS numbers: 76.75.+i, 74.70.-b, 74.25. Ha 
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The discovery of Fe-based high-temperature supercon- 
ductors (HTS) with critical temperatures above 50 K has 
triggered a surge of theoretical and experimental studies. 
Similar to the cuprates, the Fe-based HTS are character- 
ized by a layered structure and by superconducting states 
which appear upon doping from parent compounds ex- 
hibiting long-range antiferromagnctic (AF) order. On 
the other hand, the metallicity of the parent compounds, 
as well as the occurrence of superconductivity on a few 
disconnected pieces on the Fermi surface clearly distin- 
guish them from cuprate HTS. A fundamental question is 
to understand whether the mechanism(s) leading to the 
occurrence of the superconducting ground states in both 
families share common ground. On this frame, one of the 
most topical issues is to compare the interplay between 
magnetism and superconductivity between both families. 
This can be realized by carefully monitoring the emer- 
gence of these ground states as a function of chemical 
doping, applied magnetic field or external pressure. 

In lightly doped cuprate HTS, static magnetism is 
found to coexist with superconductivity on a nanome- 
ter scale, as revealed by neutron diffraction, nuclear 
quadrupolar resonance and muon-spin rotation (^SR) ex- 
periments [l|, 07 S 01 • -f'o^ ^liis family, stripe- like modu- 
lations of the charge and spin densities are found [1] . On 
the other hand, for the Fe-based HTS REOi„xFa,FeAs 
(RE=La, Ce, etc.) and (Sr,Ba)i_a;Ka;Fe2As2 the major- 
ity of the reported phase diagram studies show either the 
occurrence of an abrupt first-order like change, with a 
full suppression of the AF order, at the doping where su- 
perconductivity emerges 0, 0] , or point to a microscopic 
separation of magnetism and superconductivity 0, @| ■ To 
date, a microscopic coexistence of both states is solely re- 
ported for the system SmFeAsOi_a;Fa; [ol. [loj. 

The subtle balance between superconductivity and 
magnetism in cuprate HTS is strongly affected by 
the magnetic field. Field-induced or enhanced static 
magnetic order are detected in various underdoped 
cuprates. In electron doped Pr2_a:Cea;Cu04_y [ll| and 



Pri_3;LaCea;Cu04_y e.g., even a magnetic field as 
low as 10 mT is sufficient to enhance the weak AF or- 
dering over the entire sample volume. For Fe-based HTS 
we are aware of only two reports pointing to a possi- 
ble enhancement of magnetism by applied magnetic field 
[13I . Here, we report on /xSR studies of a single 

crystalline sample of SrFei.75Coo.25As2. In zero exter- 
nal field, superconductivity coexists with dilute Fe spins 
which are static on the /zSR time scale. In the super- 
conducting state, the applied field leads to appearance of 
an additional source of local magnetic field, maintained 
throughout the whole volume of the sample, thus point- 
ing to the field-induced ordering of the Fe moments. 

The SrFei.75Coo.25As2 (SFCA) single crystalline sam- 
ples were synthesized as described in [15|. The zero- 
field cooled (ZFC) and field cooled (FC) magnetization 
(M) measurements confirm bulk superconductivity (see 
Fig. [T] and Ref. [13). The transition temperature (Tc) 
of 13.3(1) K is consistent with the overdoped composi- 
tion of the sample [3l ■ The true FC Meissner effect is 
very small, suggesting that pinning in SFCA is relatively 
strong. The ZFC shielding is 100%. All crystals used 
in our study were taken from the same growth batch and 
show very similar M{T) dependences. 

The ^SR experiments were carried out at the 7rM3 
beam line (Paul Scherrer Institute, Villigen, Switzer- 
land). Three SFCA single crystals with an approxi- 
mate size of 2.5x2.0x0.1 mm'^ were mounted on a holder 
designed to conduct /kSR measurements on thin single- 
crystalline samples. The zero-field (ZF) and transverse- 
field (TF) /iSR experiments were performed at tempera- 
tures ranging from 1.5 to 150 K. In two sets of TF mea- 
surements the external magnetic field ^qH = 10 mT was 
applied parallel and perpendicular to the crystallographic 
c axis, and always perpendicular to the muon-spin polar- 
ization. The typical counting statistics were ~ 1.5 • 10^ 
positron events for each particular data point. 

In ZF, the muon-spin polarization is relaxed by mag- 
netic moments of electronic and nuclear origin. As shown 
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FIG. 1: (Color online) ZFC and FC magnetization of 
SrFe1.75Coo.25 As2 at fioH = 2.0 mT_L c (the small param- 
agnetic contribution is subtracted). Tc is obtained as the 
intersect of linearly extrapolated Mzfc (T) with AI = line. 

in Fig. [2^, the relaxation rate of the ZF-/iSR signal is 
constant down to T ~ 5 K, while at lower temperatures 
an additional fast relaxing component starts to develop. 
The solid lines in Fig. [2^ correspond to the fit by: 

A^^{t) = Ai exp(-Aii) + A2 exp(-A20 (1) 

Here Ai and A2 are the initial asymmetries of the slow 
and the fast relaxing components, and Ai and A2 are 
the corresponding exponential depolarization rates. The 
temperature dependence of Ai normalized to the total ZF 
asymmetry Ai + A2 is shown in the inset. The fit reveals 
that Ai is temperature independent which is also clearly 
seen from the raw data as a parallel shift of A'^^{t) at 
t > 0.2 fis with decreasing temperature. Measurements 
in a longitudinal-field geometry indicate that the expo- 
nential character of the muon-spin relaxation is due to 
randomly oriented local magnetic fields, which are static 
on the /iSR time scale. Such behavior is consistent with 
dilute Fe moments as observed recently for another rep- 
resentative of Fe-based HTS FeSeo.ss O- 

In the TF geometry muons measure the magnetic field 
distribution [P{B)] inside the sample. For the supercon- 
ductor in the vortex state, P{B) is uniquely determined 
by the magnetic penetration depth A and the coherence 
length ^ UM- Few representative P{B) distributions, 
obtained after Fourier transformation of TF /iSR time- 
spectra, are presented in Figs.[2}3, c. In the normal state, 
a symmetric line at the position of the external magnetic 
field with a broadening arising from the nuclear and elec- 
tronic magnetic moments is seen. Below Tc, the field 
distribution is broadened and asymmetric which is char- 
acteristics of the inhomogeneous field distribution within 
the flux line lattice (FLL). 

In an orthogonal reference frame x,?/, z with H \\ z [z 
is one of the principal axes a, &, or c) the spatial mag- 
netic field distribution within a FLL of an anisotropic 
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FIG. 2: (Color online) (a) ZF /iSR time-spectra of 
SrFe1.75Coo.25 As2. The lines are fits by Eq. The inset 
shows the temperature dependences of normalized asymme- 
tries (see text for details), (b, c) The magnetic field distri- 
butions P{B) obtained in H \\ c and H _L c set of TF ^iSR 
experiments. The lines are the fits by Eq. Q. The insets 
represent the contour plots of field variation. 

superconductor is 

B{r) = (i?)^exp(-iG.r)i3G(A„A^,C.,^j;). (2) 

G 

G is the reciprocal lattice vector, (B) is the average mag- 
netic field inside the superconductor, r is the vector coor- 
dinate in a plane perpendicular to the applied field, and 
the Fourier components Be, obtained within the frame- 
work of the Ginzburg-Landau (GL) model, are [lit : 

Here, $0 is the magnetic flux quantum, S = ^o/{B) is 
the FLL imit cell area, b = {B)/Bc2 (-Bc2 is the second 
critical field), Ki{u) is the modified Bessel function, and 
m2 = 2{^lGlHlGl){l+b*)[l~2bil-b)% The reciprocal 
lattice corresponding to the field distribution in hexag- 
onal FLL is: Gm,n = (2Tr/ S)[ym, {n — m/2)x], where 
X = {2SXx/V^Xy)^/^, y =iV3SXy/2Xx)^/'^, and m and 
n are the integer numbers [l9| . Note that in the uniaxial 
case {Xx = Ay), Eq. ^ converts into the standard GL 
equation for an isotropic superconductor [lij . 



3 



The TF fiSR time spectra were fitted to a theoreti- 
cal asymmetry function (t) by assuming the internal 
field distribution Pid{B) obtained from Eq. ^ and ac- 
counting for the FLL disorder and the electronic moment 
contributions (see the ZF discussion above) by convolut- 
ing Pid(i?) with Gaussian and Lorenzian functions: 



-At 



Pid{B)ey^^^'dB. (4) 



Here A and (j) are the initial asymmetry and the phase of 
the muon spin ensemble, ag accounts for the FLL disor- 
der [2^ , and A relates to the electronic moment contribu- 
tion and is assumed to be equal to Ai obtained in ZF ex- 
periments. During the analysis we first fit the data mea- 
sured in II c orientation which, considering Aa = At,, 
allows to obtain the in-plane magnetic penetration depth 
Xab- Note that at such a low field as fioH = 10 mT, P{B) 
is independent on ^ [20| . Xab was further used in the fit 
oi H J- c set of data by assuming in Eq. ^ Xx ~ Xab 
and Xy = Xc- The resulting fitted curves are represented 
in Figs. O) and c by red lines. The field distributions 
obtained by Eq. ([2]) are shown in the insets. 

The temperature dependences of the initial asymme- 
tries are shown in the inset of Fig. [2|a,. Both, ^"'^(T) 
and A-^'''{T) are almost constant down to T ~ 3 K and 
decrease by ~ 10 % at T = 1.6 K just resembling the 
temperature behavior of the slow relaxing component Ai 
observed in ZF measurements. This suggests that the 
fast relaxing component, seen in ZF fiSK experiments, 
appears from areas which are separated in space from 
the "slow-relaxing" ones. The superconductivity in such 
magnetic regions may either coexist with magnetism on 
a nanometer scale [lO| , or become suppressed due to en- 
hanced magnetic order [1, |2l| . 

The dependence of X~^ and A~^ on temperature is 
shown in Fig. [3^. The experimental data were analyzed 
within the framework of the phenomenological a-model 
by assuming two independent contributions to A~^ p^ : 

■ ■ r + (l-a;)- (5) 
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In this model, each superconducting gap, Ai(T) and 
A2(T), has a similar temperature dependence given by 
A,(T) = Ai,otanh{1.82[1.018(Tc/T - 1)]°-^^, Ref. [ll, 
but different zero-temperature values (Ao,i, i = 1, 2). 
In our analysis both the large and the small gap were 
assumed to be of s-wave symmetry. The parameter lu 
accounts for the relative contribution of the larger gap to 
X~^ and A~^(0) is the penetration depth at T = 0. Each 
component X^^{T, Ao,,;)/A~^(0, Ao,i)_is calculated within 
the local (London) approximation |23| . During the fit, 
both Xab{T) and Ac(T) were assumed to be described 
by the same small and large gaps (Ai.ab = Ai.c and 
A2.a6 = A2,c), but different weighting factors {ujab 7^ ^c)- 
The results of the fit are summarized in Fig. [3^ and Ta- 
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FIG. 3: (Color online) (a) Dependence of A^j^^ and A^'^ on 
temperature of SrFei.75Coo.25As2. The solid lines are the fits 
by Eq. ([5]) with the parameters summarized in Table H) The 
inset shows the temperature dependence of the penetration 
depth anisotropy 7^ = X^/Xab- (b) Temperature dependence 
of (B) - (B)"'' obtained in ii" || c (red symbols) and H ± c 
(blue symbols) set of experiments. The inset shows the de- 
pendence of {B)(1.6 K) - on (5)"= in H \\ c orientation. 



blelD The temperature dependence of the anisotropy pa- 
rameter 7a = Xc/Xab is shown in the inset. Four impor- 
tant results are deduced from this analysis: (i) The con- 
tribution of the large gap to X~^ (T) is relatively small in 



comparison with that observed in Bai_a;Ka;Fe2As2 j21|. 
This may be explained by the fact that the electron dop- 
ing due to Co substitution reduces the size of the Fermi 
surface pockets at the Brillouin zone center (where the 
large gap opens), but leads to substantial enhancement 
of the pockets at the zone corner (where the small gap 
develops) [2J,|25[. (ii) 7a increases from 7^ ~ 2.1 at Tc to 
2.7 at 1.6 K. This increase is consistent with the general 
trend obtained for various Fe-based HTS 



21 



|. Our 

data imply that the different temperature dependences 
of X^^ and A~^, as well as dependence of 7a on T, are 
due to much smaller contribution of the larger gap to 
A~jf than that to A~^. (ui) 7a is very close to the calcu- 
lated ratio of the plasma frequencies 7^^ = t^p/<jJp — 2.8 
of Sr2Fe2As2 [lB|- Note that within the London the- 
ory 7a = 7[^p. (iv) The ratios 2Ao,i/fcBTc = 7.2 and 
2Ao,2/fcBTc = 2.7 are well within the ranges established 
for various Fe-based HTS. As shown in Ref. [l^], Fe-based 
HTS bear two nearly isotropic gaps with 2A/kBTc = 7±2 
and 2.5 ± 1.5. 
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TABLE L Summary of X^^iT) and \c{T)-^ study of 
SrFei.75Coo.25As2 (see text for details). 



(K) 


Ao,i 
(meV) 




Ao,2 

(meV) 


2/^0,2 


UJ 


A(0) 
(nm) 


X-,'(T) 13.35" 
A~2(T) 13.35" 


4.14" 


7.2 


1.56" 


2.7 


0.04 


315 


4.14" 


7.2 


1.56" 


2.7 


0.29 


870 



"Common parameters used in the analysis 



In Figure[3|D we plot the difference between the internal 
magnetic field {B) and that measured in the normal state 
at T ~ 20 K {{B)''^^). In contrast to what is expected for 
a superconductor, (B) increases with decreasing temper- 
ature. Wc may clearly rule out the possibility to explain 
the positive field shift by a paramagnetic Mcissncr effect, 
since both ZFC and FC magnetization result in a dia- 
magnetic shift (see Fig. [1]). Also, it cannot be explained 
by the reduction of a hypothetical negative muon Knight 
shift due to condensation of the carriers into Cooper pairs 
[2^, otherwise the difference between {B){1.6 K), mea- 
sured deeply in the superconducting state, and (B)"*^ 
would increase with increasing field. The inset in Fig.[3l3 
shows, in contrast, that {B){1.6 K) — (i?)"*^ decreases. 

Both, the temperature and the magnetic field de- 
pendence of (B) — (S)"*^ resemble the situation in the 
electron doped cuprate HTS Pr2_a;Cei:Cu04_y [llj and 
Pri_3;LaCea;Cu04_y [l2|. Those reports are different 
in some details, but agreed that the paramagnetic re- 
sponse in the superconducting state, seen by muons, is 
caused by the field-induced weak AF order. The exter- 
nal field applied in c direction leads to the appearance 
of an additional field component at the muon stopping 
site, which is perpendicular to the c axis 



Hi, 113. We 



may assume that the paramagnetic response of SFCA, 
seen in Fig. [3]d, is caused by the same mechanism. The 
solid line in the inset of Fig. corresponds to the fit by 
(B)(1.6 K) = [((S)"'^)2 + (S^)2]i/2 [n| with the induced 
field component B^ = 5.2 mT. We emphasize, that the 
field-induced AF order in SFCA is different from that for 
the parent compound SrFe2As2, where the magnetic field 
on the muon site is parallel to the c axis (29| . 

The strong infiuence of the superconducting phase is 
observed at external field as low as 10 mT, which cor- 
responds to the intervortex distance ~ 500 nm. Con- 
sidering that most of the implanted muons probe the 
sample outside of the vortex cores, we may conclude 
that the field-induced AF order extends throughout the 
whole sample volume. Further experimental and theo- 
retical studies are needed in order to elucidate the origin 
of these effects, as well as to consider a possible role of 
muons as a source of perturbation. 

To conclude, muon-spin rotation measurements 
were performed on a single-crystalline sample of 
SrFei.75Coo.25As2 {Tc ~ 13.3 K). In zero field, super- 
conductivity coexists with dilute Fe moments which are 



static on the /iSR time scale. The temperature depen- 
dences of the in-plane Xab and the out of plane Ac mag- 
netic penetration depth are well described assuming the 
presence of two wave like gaps with zero-temperature 
values Ao,i = 4.14 meV and Ao,2 = 1-56 meV, respec- 
tively. The gap to Tc ratios are 2A/kBTc = 7.2 and 2.7, 
in agreement with those reported for various Fe-based 
HTS [i^]. The mean internal field in the superconduct- 
ing state increases with decreasing temperature, just op- 
posite to the diamagnetic response seen in magnetization 
experiments. This may be due to weak field-induced an- 
tiferromagnetic order leading to appearance of in-plane 
magnetic field component on the muon stoping site. The 
fact that the magnetism is induced by a field as low as 
10 mT points to strong interplay between the magnetic 
and the superconducting order parameters in Fe-based 
HTS. Whether these order parameters coexist or sepa- 
rate on a microscopic level is still an open question. 

The work was performed at the Swiss Muon Source 
(S/iS), Paul Schcrrer Institute (PSI, Switzerland). 
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